RNAi is an efficient surveillance machinery that plays a robust defensive role in shielding plant and animal hosts against viral infections. In counter-defense viruses encode suppressor proteins that have the ability to restrict the RNAi machinery to ensure successful systemic invasion. The B2 protein of insect Flock House Virus (FHV-B2) and AC2 protein of Mungbean Yellow Mosaic India Virus (MYMIV-AC2) are two well-characterized suppressors of RNAi, capable of reversing reporter gene silencing. In this study, we compared the strength of the two suppressors by assaying for the degree of RNAi reversion and the duration of sustaining the reversal in planta. The suppression activity was observed by assaying for GFP fluorescence at 3 dpi, 7 dpi and 14 dpi. The phenotypic observations were corroborated with small RNA Northern Blotting and semi-quantitative RT-PCR. The results indicate that suppressor strength of FHVB2 is comparable to MYMIV-AC2, although they are encoded by virus infecting host from two different eukaryotic kingdoms. This study will provide new insights to dissect the conservation in the RNAi pathways during the host-virus interactions.
fense mechanisms in a wide variety of organisms [1] [2] [3] [4] . The hallmark of its antiviral role is the accumulation of virus derived siRNA at high levels during viral infection [5] . Additionally, it was observed that the plant mutants defective in one or several of the RNA silencing pathways were more susceptible to virus infection [6] [7] [8] [9] . It was then observed that certain pairs of co-infecting viruses caused synergistic viral diseases. This led to the identification of proteins, encoded by many viruses, called the RNA silencing suppressors (RSS) that have the ability to counteract antiviral silencing and play an important role in virulence [10] [11] . Ever since the discovery of first RSS, around 30 plant and animal RSS have been identified [11] [12] [13] [14] . The RSS mainly inhibit the host defense response by interacting with the key components of host RNA silencing machinery. The lack or inactivation of RSS in viruses leads to the recovery of plants from viral infection [15] [16] . Thus, the RSS, acquired by plant viruses, constitutes a strong weapon in the arm race between plant and invading viruses. However, besides the commonality that they can suppress RNA silencing, the RSS from different viruses differ in evolution, origin, sequence, protein 3D-structure, and in mode of action [17] . As the RSS play an important role in one or many intermediate steps to arrest intracellular and/or intercellular host silencing machinery, they can serve as important tools to dissect the detailed RNA silencing pathways and also to evolve antiviral strategies [18] [19] [20] .
Amongst the plant viruses, Geminiviruses are regarded as one of the most destructive pathogens for vegetable, field and fiber crops that are either economically significant or are staple food [21] . Mungbean Yellow Mosaic India Virus (MYMIV) is a bipartite Begomovirus causing yellow mosaic disease of mungbeans leading to leaf discoloration and yield losses [22] . MYMIV expresses the small protein AC2 (MYMIV-AC2), which is a multitasking pathogenic factor as it trans-activates the late viral genes and develops disease symptom. MYMIV-AC2 has also been well characterized as a RSS. The AC2 protein has a modular structure consisting of N-terminal Nucleus Localization Signal (NLS), a central DNA binding zinc-finger motif and C-terminal acidic activator domain [23] . It is shown that its suppression activity is dependent upon all three functional domains [24] .
The best studied amongst the non-plant virus-encoded RSS is the B2 protein encoded by Flock House Virus (FHV-B2) from Nodaviridae family [25] . The FHV-B2 is a small, 106 amino acid containing, protein that is translated from subgenomic RNA3 and accumulates to high levels during infection [25] [26] . Efficient replication of FHV RNAs and formation of progeny virus particles is critically dependent on expression of B2 protein.
It also counteracts the silencing of viral gene expression and acts as a broad-spectrum inhibitor of RNAi [25] . Studies on the mode of action revealed that the FHVB2 protein binds with high affinity (Kd-1 nM) to long double-stranded RNA as well as single-stranded RNA via its N-terminal in sequence-independent manner. It also prevents Dicer mediated cleavage and subsequent generation of siRNA [26] [27] [28] . It has been shown that FHV-B2 has the capability of binding tightly to siRNAs thereby preventing incorporation into RISC and thus inhibiting cleavage of target RNAs. Systemic mutagenesis studies on FHVB2 regions demonstrated that the deletion of 17 amino acids from the C-terminus resulted in drastic reduction in RSS activity in comparison to the N-terminal deletions [29] . It has also been shown that FHVB2 protein suppresses RNAi by interacting with PAZ domain of DICER-1/-2 proteins [30] . The initial observation suggesting a role of FHV-B2 as a potent RSS was exhibited in the Agrobacterium co-infiltration assays established in green fluorescent protein (GFP) transgenic plants that could not express the reporter gene [31] . It has been suggested that the FHVB2 gene shares key features, but not sequence similarity, with the plant RSS [11] [32] .
The viral encoded RSS are usually thought to act at distinct steps of the silencing machinery, there has been no consensus system recognized so far. The biological application of RSS not only requires identification of suppressors from individual virus groups but a detailed characterization of the suppressor strength and the range of suppressor activity. Identification of the RSS has now become an integral part of virus characterization. In plants a number of assays have been developed, based on the suppression of RNA silencing of a reporter transgene. The transgene may be silenced constitutively [33] or locally by infiltration with an Agrobacterium strain carrying a Ti plasmid harbouring the same gene, referred to as agro-infiltration [34] [35] . The suppression of silencing is assayed by introducing, the candidate protein into the silenced plants by a replicating virus vector, genetic crosses or agro-infiltration and observing the reversal of silencing. The ubiquity of silencing suppression and the plethora of functional assays currently available for their discovery have made identification of new silencing suppressors an almost trivial task. However, there is a lacuna in defining the parameters for assaying the strength of suppressors using the available in-planta assay system. Since most of the earlier work on the RSS involved model systems that differ in terms of host, transgene used or the method of delivery, it was difficult to correlate the degree of silencing ability and viral pathogenicity [36] . To address this issue we have tried to define parame-ters for comparing the suppressor strength of two well-known RSS, viz FHVB2 and MYMIV-AC2 protein by utilizing an in-planta reversal of GFP silencing assay.
Methods

Plasmid Construct
The AC2 protein of Mungbean Yellow Mosaic India Virus (MYMIV-AC2) and B2 protein of Flock House Virus (FHV-B2) were cloned into binary vector pBI121 under the CaMV 35S promoter and NOS terminator. The transformants were analyzed by restriction analysis, PCR and plasmid DNA sequencing. The R53Q mutant of FHVB2, a point mutation which abolishes the suppression activity of FHVB2 was also used in the study [37] . To generate a RSS defective protein, R53Q point mutation was introduced into the FHVB2 coding region by PCRmediated mutagenesis with forward primer 5'-ACGGTAAGTCAAATGGTAACATCAC-3' and reverse primer 5'-GTGATGTTACCATTTGACTTACCGT-3' (the mutant positions are underlined). The B2(R53Q) mutant was cloned into a pGEMTeasy vector (Promega) which was subsequently confirmed via nucleotide sequencing. The B2(R53Q) ORF was then moved to pBI121 binary vector under CaMV 35S promoter and NOS terminator. The recombinant plasmids (pBI121-B2, pBI121-MYMIV-AC2 and pBI121-B2(R53Q)) were mobilized into Agrobacterium tumefaciens strains LBA4404 cells, followed by infiltration of the leaves of GFP silenced Nicotiana tabacum plants.
Agroinfiltration
Agrobacterium-mediated reversal of GFP expression in GFP silenced Nicotiana tabacum L. cv. Xanthi leaves was achieved through pressure infiltration, as described previously [38] . Briefly, Agrobacterium culture was grown until reaching an optical density of 1.0 at 600 nm (OD600). The culture was treated with 200 µM acetosyringone (AS) for 1 hr prior to infiltration. The homogenous culture mixture was infiltrated in the young leaves with the help of needleless syringe by generating a vacuum with the help of finger on the dorsal side of the leaf and mouth of the syringe on the ventral side. After 3, 7 or 14 days after inoculation (dpi) the leaf was visualized under UV for fluorescence.
Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
For semi-quantitative RT-PCR, cDNA were prepared in 20 µl reactions from total RNA isolated from the infiltrated leaf tissues, using 50 U of Super Script TM II reverse transcriptase (Invitrogen) and random hexamers. The first strand cDNA of total RNA were subjected to DNaseI treatment for 30 min. The PCR program for the amplification of GFP and suppressor genes (MYMIV-AC2, FHVB2, FHVB2(R53Q)) were carried out using gene specific primers (Suppl File 1) at initial sample denaturation at 95˚C for 5 min followed by 25 cycles of strand separation at 94˚C for 1 min, annealing at 56˚C for 30 s and extension at 72˚C for 30 s. The program was extended for 7 min at 72˚C. The tobacco 18S gene was used as a constitutive internal standard to evaluate cDNA content. The amplification products were analyzed on 0.8% agarose gel. The band intensities were quantified using Alpha Imager Imaging System.
Small RNA Northern Blot Analysis
Total RNA was extracted from infiltrated leaves using the guanidium thiocynate extraction method [39] . 30 µg of total RNA from each plant sample was resolved on a 15% polyacrylamide gel and transferred on Hybond N+ membranes (Amersham Pharmacia). Prehybridization was performed in 30% formaldehyde hybridization buffer for 2 hrs with mild agitation at 42˚C followed by hybridization with GFP probe for 14-16 hrs. The probe was prepared using α[ 
Multiple Sequence Alignment
Nucleotide sequence of MYMIV-AC2 (JX110618.1) and FHVB2 (NC_004146.1) as well as protein sequence of MYMIV-AC2 (AFP58801.1) and FHVB2 (NP_689446.1) were aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) with default parameter.
Results and Discussion
In Planta Comparison of RSS Activity
The virus encoded RSS represents an excellent example of the continuing evolutionary arms race between host and virus. The RSS from individual virus groups or even within the groups behave differently and suppress the RNA silencing pathway by a different mechanism. In this study we compared the suppressor strength of two well-characterized RSS viz. AC2 of MYMIV (a virus infecting plants mainly legume crops) [24] and B2 of FHV (virus infecting animals mainly insects) [25] . These two proteins differ in their origin and mode of action, yet they are capable of reversing the silencing of green fluorescent protein (GFP) in Agrobacterium co-infiltration assays [40] . Both MYMIV-AC2 and FHVB2 showed no significant sequence similarity (e < 10) at the nucleotide level (Figure 1(a) ). Their protein sequences showed only 20.22% similarity with no common domain between the two (Figure 1(b) ). This clearly suggests that the RSS activity is not sequence-dependent. Although many examples of RSS identification using in planta assays are available [41] [42] [43] , but till date there is no report on the comparison of their suppressor strengths. Moreover, the use of different model system used for RSS studies, makes it more difficult to compare the outcome [36] . To analyze the RSS activity of MYMIV-AC2 and FHVB2 transient reversal of silencing assays were performed using in-house developed naturally silenced GFP lines [44] [45] . The construct of FHVB2 (R53Q) mutant was used as control. The leaves of the GFP silenced lines were agro-infiltrated and analyzed for GFP expression after 3, 7 and 14 days post infiltration (dpi) (Figure A1) . The infiltrated zones on the leaves exhibited positive reversal of silencing in the MYMIV-AC2 and FHV-B2 infiltrated zones, appearing as fluorescent green of GFP (~510 nm) upon UV illumination at 365nm, while the FHVB2(R53Q) mutant failed to revert the silencing (Figure 2) . The GFP fluorescence started appearing at 3 dpi and increased by 7 dpi. At 14 dpi a drop in the fluorescence signal was observed. This indicated that the Agrobacterium mediated transient expression of the RSS could sustain the reversal of GFP silencing for a period of about 14 days. The FHVB2 (R53Q) mutant, which lacks the suppression activity [30] , was not able to sustain the GFP expression.
Parameters for Comparison of RSS Activity
To define the strength of RSS activity two parameters were used that were based on the degree of GFP reversal and the sustenance of GFP expression. Molecular approaches were employed to quantitate the degree of GFP reversal due to the RSS activity by comparing the GFP reporter transcript (Figure 3(a) ) with respect to the amount of RSS transcript present (Figure 3(b) ). It was observed that in presence of MYMIV-AC2 the GFP bands appeared at 3 dpi and showed an increase till 14 dpi (Figure 3(a) ). In presence of FHVB2 the GFP transcripts appeared at 7 dpi and increased till 14 dpi, whereas GFP accumulation was not observed in presence of FHVB2 (R53Q) mutant (Figure 3(a) ). The GFP band intensities appeared higher in FHV-B2 infiltrated zones than in MYMIV-AC2 infiltrated zones.
The suppressor strength was calculated in terms of "S" value, by normalizing the accumulated GFP transcripts with respect to the RSS transcript. The values obtained were plotted and compared (Figure 3(c) ). This revealed that the suppression activity of FHVB2 started early and was sustained till 14 dpi. In case of MYMIV-AC2 the initiation of suppression activity increased rapidly with time and peaked at 7 dpi. This level was maintained till 14 dpi. Thus MYMIV-AC2 appeared to be stronger suppressor. Amongst the plant viruses, a huge variability has been observed amongst the AC2 proteins encoded by different species of the genus Begomovirus. It has been reported that East African Cassava Mosaic Cameroon Virus (EACMCV)-AC2 and the Indian Cassava Mosaic Virus (ICMV)-AC2 act as strong suppressor of RNA silencing, while the African cassava mosaic virus (ACMV-[CM])-AC2 and Sri Lankan Cassava Mosaic Virus (SlCMV)-AC2 as weak suppressors [46] . Moreover, different viral strains show different degree of pathogenicity ranging from mild to severe, so probably AC2, which is a pathogenicity determinant also show corresponding variations in its activity.
The levels of the GFP-siRNA were also quantitated (Figure 4(a) ) and correlated to the sustenance of reversal of GFP silencing over the defined time period. A direct correlation between the GFP expression and suppressor Figure 2 . The reversion of GFP expression in GFP-silenced tobacco leaves. GFP-silenced tobacco leaves were agroinfiltrated with MYMIV-AC2, FHV-B2 and FHV-B2 (R53Q) as a negative control. The infiltrated zones of MYMIV-AC2, FHV-B2 and FHV-B2 (R53Q) were analysed for GFP fluorescence under UV lamp where they exhibited a reversal of GFP at 3 dpi, 7 dpi and 14 dpi of agroinfiltrated leaves. Each of the leaves was labeled at the top for the construct with which it was infiltrated. expression was observed. At 3 dpi MYMIV-AC2 was able to considerably reduce the amount of GFP siRNA. In case of FHV-B2 this reduction was achieved at 7 dpi. In both cases this response was sustained up to 14 dpi. The ectopic expression of MYMIV-AC2 and FHV-B2 led to reduction of biogenesis of small interfering RNA (siR-NA). In contrast the negative control FHV-B2 (R53Q) (Figure 4(a) ) infiltration did not change the siRNA level for the entire period. These results suggest that the FHV-B2 is a stronger quencher of the siRNAs. To compare the sustenance of siRNA down regulation, the siRNA intensities were normalized with respect to the RSS transcript. The values obtained were plotted and compared (Figure 4(b) ). This revealed that the RSS activity of MYMIV-AC2 started to down regulate the GFP siRNA at 3 dpi and the response was sustained till 14 dpi. In case of FHVB2 the initiation of suppression activity was delayed. It appeared at 7 dpi but it increased rapidly and at 14 dpi FHV-B2 mediated siRNA down regulation was more than that of MYMIV-AC2.
For both the suppressors the "S" value was determined and it was observed that their RSS activity could be sustained to 14 dpi. Thus it emerged that though MYMIV-AC2 has a higher "S" value and could reverse the GFP expression to a greater level, the FHV-B2 is a stronger quencher of the siRNAs. This also reflects the mechanism of suppressor action, as the RSS encoded by different plant viruses appear to suppress this virus defense pathway at different points ( Figure 5) . It needs to be tested whether the high "S" value corresponds to high pathogenicity.
Conclusion
This study will be useful in developing a cataloguing system for RNAi suppressors for use as probes for understanding the mechanism of host-virus interactions. The different RNAi suppressors can be manipulated as tools for enhancing plant viral resistance as well as the expression of genes related to molecular farming in transgenic plants.
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